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Disposal  of spent  nuclear  fuel  and  long  lived  radioactive  waste  in  deep  clay  geological  formations  is
one  of the  promising  options  worldwide.  In  this  concept  of  the  geological  disposal  system,  the  host
clay  formation  is  considered  as  a principal  barrier  on  which  the  fulﬁllment  of key  safety  functions  rests.
Between  2006  and  2010,  the  European  Commission  project  TIMODAZ,  which  gathered  15 partners  from
8  countries,  has  investigated  the  coupled  thermo-hydro-mechanical  (THM)  effects  on  clay  formations
for  geological  disposal  of  radioactive  waste,  and  speciﬁc  attention  was  paid  to investigating  the  thermal
effect  on the  evolution  of  the  damaged  zone  (DZ).  Three  types  of  potential  host  clay  formations  were
investigated:  the Boom  Clay  (Belgium),  the Opalinus  Clay  (Switzerland)  and  the  Callovo-Oxfordian
argillite (France).  Intensive  experimental  (laboratory  and  in  situ in  underground  research  laboratories)
and  numerical  studies  have  been  performed.  Multi-scale  approach  was  used  in the  course  of  the project.
High  degree  of similarities  between  the  failure  modes,  sealing  process,  stress  paths,  deformation,
etc., observed  in laboratories  and  in  situ has  been  obtained,  which  increased  the  conﬁdence  in  the
applicability  of  laboratory  test  results  and  up-scaling  perspective.  The  results  of the  laboratory  and  in  situ
tests obtained  allowed  the  parameters  for numerical  models  at various  scales  to  be derived  and  provided
the  basis  for  the  simpliﬁed  performance  assessment  models  that are  used  to assess  the long-term  safety
of  a repository.  The  good  cooperation  between  the  numerical  modeler  and  experimenters  has  allowed  an
in-depth analysis  of  the  experimental  results  and  thus  better  understanding  the  underlying  processes,
and  consequently  increased  the  capabilities  to  model  the  THM  effects  in  claystones.  This paper  presents
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. Introduction
In all nuclear power generating countries, the management of
pent nuclear fuel and long lived radioactive waste is an important
nvironmental issue today. Disposal of these wastes in deep clay
eological formations is one of the promising options worldwide.
n this concept, the host clay formation is considered as a principal
arrier on which the fulﬁllment of key safety functions rests. Hence,
reventing unnecessary damage to the host formation is one of the
bjectives of repository design. A proper evaluation of the damaged
one (DZ) in the host formation is thus an important issue for the
ong-term safety of geological disposal.
In any case, the excavation process of geological repository cav-
ties (disposal drifts, transport galleries and access shafts) and its
ater operation inevitably lead to the creation of a DZ within clay
round the engineered part of the disposal system.
As a side effect of radioactive decay, vitriﬁed high-level wastes
nd spent fuel release signiﬁcant amount of heat, even after
everal decades of cooling in surface facilities. The inﬂuence of
he thermal load on the performance of the disposal system is
articularly important, since the early transient thermo-hydro-
echanical (THM) perturbation might be the most severe impact
232 X. Li / Journal of Rock Mechanics and Geotechnical Engineering 5 (2013) 231–242
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n a relatively short period of time.
Between 2006 and 2010, within the 6th EURATOM Framework
rogramme of European Community (EC FP6), the TIMODAZ
roject (thermal impact on the DZ around a radioactive waste
isposal in clay host rocks) (http://www.timodaz.eu/) has investi-
ated the coupled THM effects on clay formations that are being
tudied as potential host rocks for geological disposal of radioactive
aste. The project focused on the combined effect of the excava-
ion damaged zone (EDZ) and the thermal output on the host rock.
he inﬂuences of the temperature increase on the evolution of
he EDZ as well as the possible additional damage created by the
hermal load were also the main issues of the study. The chemical
volution and its interaction with the THM processes around the
nderground repository were also addressed in the project, but in a
imited extent.The research activities covered by TIMODAZ call for
ultidisciplinary expertise involving both European radioactive
aste management organisations together with the main nuclear
esearch institutes supported by other research institutions,
niversities, industrial partners and consultancy companies. The
IMODAZ consortium is composed of 15 participating organi-
ations representing 8 countries in total: EURIDICE (Belgium),
AGRA (Switzerland), SCK•CEN (Belgium), GRS (Germany), NRG
Holland), CIMNE (Spain), EPFL (Switzerland), ULG (Belgium), UJF
France), ENPC (France), CEG-CTU (Czech), ITASCA (France), ASC
UK), ITC (Switzerland) and SOLEXPERTS (Switzerland). More-
ver, to ensure an appropriate and continuous link between the
nd-user needs and the priorities of the TIMODAZ project, the
ollowing end-user group has been constituted: ONDRAF/NIRAS
Belgium), NAGRA (Switzerland), ANDRA (France), RAWRA
Czech). This group was active throughout the duration of the
roject.
Three types of clays that are currently studied as potential
ost rocks due to their favorable properties were investigated:
he Boom Clay (BC) from Belgium, the Opalinus Clay (OPA) from
witzerland and the Callovo-Oxfordian argillite (COx) from France.
ven if the characteristics of these clays are different, the THM
rocesses governing the fracturing and the sealing present some
imilarities. Within the EC FP5 project SELFRAC (fractures and self-
ealing within the EDZ in clays), both laboratory and in situ tests
erformed in the corresponding underground research laboratory
URL) demonstrated the self-sealing capacity of both BC and OPA,
he former presents a faster self-sealing process than the latter
SELFRAC, 2007). In the TIMODAZ project, new laboratory experi-
ental equipments, non-conventional in soil mechanics, and test
rotocols were developed to study, on different scales, the DZ cre-
tion process and its evolution (including sealing/healing capacity)
r
i
dime of a repository in clay formation (from Sillen, 2012).
nder thermal loading and potential additional heating induced
amage. Advanced technology, like X-ray micro-tomography (X-
ay CT) was  systematically applied in the laboratory tests to
bserve the development and evolution of cracks and disconti-
uities in the testing samples. Speciﬁc efforts were devoted to
nvestigating the evolution of the permeability, the most relevant
arameter for the performance assessment (PA), under differ-
nt THM loading paths. New in situ tests on small and large
cales were also carried out to contribute to a better under-
tanding of the processes occurring within the clay around a
isposal system for heat-emitting waste during the thermal tran-
ient phase. All experimental researches were closely linked with
he development and testing of sound phenomenology-based mod-
ls which are essential in meeting the safety requirement of
dequate understanding of the long-term evolution. The step-
y-step approach to model the tests has provided a better
nderstanding of the underlying processes and increased the pre-
iction capacity of the developed models. Furthermore, speciﬁc
ttentions were paid to the integration of all experimental and
odelling developments within the long-term PA contexts and
ssessment of the signiﬁcance of DZ and its evolution in safety
ase.
The strong interaction between experimenters has lead to a
ulti-scale approach development in the course of TIMODAZ
roject. The high degree of similarities between the failure modes,
ealing process, stress paths, deformation, etc., observed in labora-
ories and in situ resulted in a better understanding of the process
nd increased the conﬁdence in the applicability of laboratory test
esults and up-scaling perspective.
This paper presents the main achievements obtained by TIM-
DAZ project and shows how a European scientiﬁc community
nvestigates a problem of concern in a collaborative way  and how
he obtained main results are applied to the PA of a geological
epository.
. Perturbation over the lifetime of repository
Building a repository will unavoidably induce the multi-
erturbation of the host rock. The key process and outstanding
ssues evolve over the lifetime in the development of a reposi-
ory (Fig. 1, where , ε, u, s, and  refer to the stress, the strain,
he pore water pressure, the matrix suction and the water content,
espectively, symbol  stands for variation). The evaluation of the
nﬂuence of the DZ on repository safety requires investigation of
ifferent stages in the lifetime of a repository.
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thermal and post-thermal post-closure stages) were investigated
thanks to a multi-scale experimental program in laboratory and in
situ.ig. 2. Fracture patterns in Boom Clay observed at Mol  site: around a gallery (top), aro
Bernier et al., 2007).
. DZ in early stage of a repository
The excavation of underground openings will lead to stress
edistributions and may  induce rock failure around the cavities.
he size and characteristics of such an excavation disturbed or
amaged zone (dZ/DZ) and the impact on hydraulic properties is
ontrolled by the local (secondary) stress state, the pore pressure
evelopment and the physical properties of the host rock includ-
ng the heterogeneity and the potential anisotropy, the presence of
he pre-existing discontinuities (including bedding) and the geom-
try of the opening itself and the excavation/support techniques
sed.
Figs. 2–4 show DZ patterns observed in BC in the HADES URL at
ol  in Belgium, in COx in the Meuse/Haute-Marne URL at Bure site
n France, and in OPA at Mont Terri URL in Switzerland, respectively.
. Self-sealing of clays
The permeability in the DZ is enhanced by a porosity increase or
he creation of tensile or shear fractures. An initial increase in per-
eability of ﬁve orders of magnitude has been measured at Mont
erri (Tsang et al., 2012).
A similar magnitude increase was measured at Bure URL
Armand et al., 2007), whereas at Mol  a two-orders-of-magnitude
ncrease was observed at the time where the ﬁrst measurements
ere made (Bernier et al., 2007). However, this enhanced perme-
bility tends to decrease over time and back to its initial value
ecause of clay swelling and clay creep behaviour, especially in
ases where swelling reﬁll materials are used to provide a back
ressure on the rock. The clay formations present a self-sealing
apacity.
. Multi-scale experimental program in TIMODAZ
The behaviour of the DZ, initiated during the repository con-
truction, evolves with the changing conditions that vary from
he open-drift period to the initial closure period and the entire
eating-cooling cycle of the decaying waste.
The DZ and its evolution with time has been characterised
nd its impact on the performance of radioactive waste geological
F
t
t resin-immobilized borehole (bottom-left) and along a retrieved core (bottom-right)
epositories has been assessed within the EC FP5 project SELFRAC
SELFRAC, 2007).
Within the TIMODAZ project, beyond further characterisation
f the initial damage induced by the excavations, the extent and
he hydro-mechanical (HM) behaviour of the DZ during different
epository evolution stages (including the operational period andig. 3. Fracture patterns in COx observed at Bure site: herringbone patterns around
he  gallery parallel to major horizontal stress H (top) and at a retrieved core (bot-
om) (Wileveau and Bernier, 2008).
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Fig. 4. Fracture patterns in OPA observed at Mont Terri site: around the gallery (top-left) and borehole (top-right) (the green lines denotes the orientation of bedding), a
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pection along a overcored borehole (UV-light) (bottom-left) and conceptual model 
The general objective of the tests in laboratory is to perform
he tests under well controlled temperature/stresses/hydraulic
onditions with different well-deﬁned loading paths in order to
etermine the parameters of the THM constitutive models used
or the numerical modelling and, more speciﬁcally, to investi-
ate the thermal effects on the damaged clay and the possible
amage induced by the thermal loading itself, while the in situ
ests aim at further investigating the underlying process and pro-
iding in situ data to validate the laboratory test results in an
p-scaling perspective and the developed numerical models as
ell.
.1. Advanced equipment in laboratories
The problem addressed in the project is a complex THM prob-
em typical of the near ﬁeld of a repository, also accounting for
he effects of discontinuities, sealing and partial saturation on
uid transfers. The experimental challenges faced to tackle such
omplex coupled THM phenomena associated with damage evo-
ution in the DZ are signiﬁcant. As a consequence, a great
ariety of experimental techniques not so commonly used in
eomechanics have been developed and used. During the tests,
ifferent techniques were used to evaluate the damage and
ealing/healing processes: CT, water/gas permeability measure-
ents, etc. (Delage, 2010; Labiouse, 2010).
s
a
t
oehole damage zone (bottom-right) (Vietor et al., 2010).
Speciﬁcally, the very low permeability of the clays inves-
igated also involves quite long testing periods and thus asks
peciﬁc experimental precautions (both in the shearing and heating
hases). Fig. 5 shows the hollow cylinder cell developed at ENPC,
rance, so as to provide a short drainage length of 10 mm (the half
hickness of the hollow cylinder), compared to 38 mm in the case
f standard triaxial samples drained on top and bottom. Roughly,
he corresponding rate in terms of water transfers (initial satura-
ion, drained nature of the tests) is estimated to be 16 times faster
han in the case of a standard 76 mm high triaxial sample, given the
iffusion nature of water transfer equation (Monfared et al., 2011,
012).
Fig. 6 illustrates the sorption bench developed in EPFL, to study
he effect of the variation of relative humidity (RH) on the soil
ehaviour at different temperatures, mainly for the water reten-
ion curve determination. Indeed, concern about the RH changing
ay be a signiﬁcant issue over a long time period for a repository:
unnel ventilation during the open drift stage, potential desatu-
ation during heating, and ﬁnally gas production from corrosion
nd degradation of repository engineering materials during the
ost-closure stage, etc.
To investigate speciﬁcally whether the temperature affects the
elf-sealing capacity of clays, speciﬁc permeameter was designed
nd constructed by SCK•CEN. As schematized in Fig. 7, three ﬁl-
ers were placed on the top of sample to enable the measurement
f water ﬂow through the fracture (artiﬁcially pre-made) and the
X. Li / Journal of Rock Mechanics and Geotechnical Engineering 5 (2013) 231–242 235
Fig. 5. New ENPC hollow cylinder triaxial cell.
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5.2.1. Similarity on failure mode between laboratory and in situ
In EPFL, middle scale simulation tests were performed on
both BC and OPA with the help of middle scale hollow cylinderFig. 6. Experimental layout of EPFL sorption bench.
ntact matrix separately through the central ﬁlter and the two side
lters. The cells were mainly made up of organic polymer poly-
ethylmethacrylate (PMMA) allowing CT scans on the samples due
o its low attenuation to X-rays (Delage, 2010; Chen et al., 2013).
Signiﬁcant efforts were devoted to performing the tests in lab-
ratory by simulating as close as possible the conditions in a real
epository on different scales.
Fig. 8 illustrates the middle-scale hollow cylinder triaxial cell
eveloped in EPFL to perform the simulation tests with the
echanical and thermal loadings fairly similar to the evolution
hat will be encountered around disposal galleries for heat emitting
adioactive waste. In order to allow the X-ray tomography of the
ample inside the cell at different steps of the experiment, the usual
Fig. 7. SCK•CEN permeameter test setup with 3 top ﬁlters.Fig. 8. EPFL middle-scale hollow cylinder triaxial cell.
teel body cell was replaced by the aluminum body cell. Four GDS
ressure controllers were equipped to achieve an independent con-
rol of external conﬁning pressure, internal hole pressure, external
ore pressure, internal pore pressure. The developed device is thus
ble to (a) create an EDZ around the central hole of the cylinder,
b) apply a thermal load in the central hole, (c) carry out perme-
bility (radial) measurements at different steps of the experiment,
nd (d) carry out tomography measurements at different steps of
he experiment.
Fig. 9 shows a similar, but on a larger scale, hollow cylinder
riaxial cell developed in GRS which also allows monitoring the
xial air/water permeability variation. In Fig. 9, D and d refer to
he external and internal diameters of hollow cylinder of tested
ample, respectively.
.2. Selected key results obtained in laboratory and in situFig. 9. GRS large scale hollow-cylinder triaxial cell.
236 X. Li / Journal of Rock Mechanics and Geotechnical Engineering 5 (2013) 231–242
F
s
t
P
(
T
v
t
t
d
c
B
i
o
t
t
a
a
b
ﬁ
F
r
(
O
F
f
o
v
s
F
s
o
g
t
d
a
t
c
B
b
d
Mig. 10. Testing procedure adopted for simulation tests (step 1: recovery of in situ
tress conditions; step 2: EDZ creation; step 3: heating/cooling cycle).
riaxial cell (Fig. 8). The test procedure is illustrated in Fig. 10.
ermeability measurements and X-ray computerized tomography
XRCT) were carried out in different steps of the experiments.
hese results were then checked after disassembly of the test by
isual inspection of saw-cut sections. Moreover, for tests on BC,
wo different image processing methods were applied to quantify
he displacement: the digital image correlation (DIC) to map  the
isplacement ﬁeld and the particle manual tracking (PMT) which
onsists in tracking the movement of pyrite inclusions in natural
C identiﬁed in the images before and after the mechanical unload-
ng.
Fig. 11 shows an example of results obtained from the tracking
f pyrite inclusions after mechanical unloading (simulating excava-
ion) on a BC sample cored parallel to bedding plane. One observes
hat the convergence near the hole is higher in the direction par-
llel to the bedding planes than that in the perpendicular one, and reverse trend is observed further inside the sample, which can
e considered as the “elastic” zone. This anisotropic displacement
eld was obtained and conﬁrmed by DIC imaging process. Based
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ig. 11. Example of results obtained from the tracking of pyrite inclusions in the X-
ay scans. Radial convergence determined along three directions: parallel to bedding
magenta curve), perpendicular to bedding (red curve) and at 45◦ (green curve).
riginal diameter of inner hole: 14 mm.
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cig. 12. Eye-shaped damaged zone in Boom Clay around the central hole as inferred
rom the slope discontinuity observed in the displacement proﬁles.
n the displacement proﬁles, a “damaged” zone can be delimited
isually around the central hole. It could actually have an eye-
hape (Fig. 12), as suggested by observations at Mol  URL in BC (see
ig. 2). The anisotropic convergence around the central hole is con-
istent with the in situ observation in BC. During the excavation
f the connecting gallery and Praclay gallery in Mol, the conver-
ence appeared to be higher in the horizontal direction (so parallel
o bedding) than in the vertical direction (so perpendicular to bed-
ing) (for Praclay gallery, 81 mm versus to 55 mm)  (Van Marcke
nd Bastiaens, 2010). The difference in convergences in the “elas-
ic” zone in the directions parallel and perpendicular to bedding
an partly be explained by the anisotropy of elastic properties of
C, as the observed ratio of about 2 is in agreement with the ratio
etween Young’s modulus in the directions parallel and perpen-
icular to bedding back analyzed from the ATLAS experiment at
ol  (see Section 6.1 below). However, it can also be related to the
evelopment of the anisotropic “damaged” zone around the cen-
ral hole and to the consequent redistribution of stresses (Labiouse
t al., 2013).
Fig. 13 gives an example of test results on one OPA sample cored
arallel to the bedding. After the removal of the sample from the
esting cell, high-resolution XRCT of the central part of the sample
as performed.
The cross sections show cracks mainly along the bedding
lanes (indicated by the white lines). The bedding plane fail-
re is followed by buckling, rotation and slab-like breakouts in
wo regions that extend from the borehole normal to the bed-
ing. The slab thickness is regular but increases systematically
way from the borehole. The width of the deformed region is
imilar to the diameter of the borehole. In axial direction, the
ractures constitute a connected network (Fig. 13, lower left).
fter impregnation of the sample with resin and saw cutting
ormal to the hole axis, the bedding controlled EDZ was clearly
isible (lower-right picture of Fig. 13a) (Labiouse and Vietor,
013).
In situ investigation has been performed in the Mont Terri URL
round a borehole that follows the bedding strike of the OPA  in TIM-
DAZ project. After injecting a ﬂuorescent resin and over-coring
fterwards the injected borehole, sections of the core were saw-
ut to study the damage around the borehole. As seen in Fig. 4
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aig. 13. Fractures pattern observed after the laboratory test (a) by means of a high-
esolution XRCT (left and upper-right pictures) and (b) visualization after sawing of
he  sample (lower-right). Original diameter of the inner borehole: 14 mm.
bottom-left), the resin trace image presents a buckling fracture
ode controlled by the bedding orientation. Inspection of the
ntire set of slices showed that the geometry and extent of the
lliptical opening result from a larger convergence in the direc-
ion normal to bedding than parallel to bedding. A sketch of the
orehole collapse pattern is given in Fig. 4 (bottom-right). This col-
apse structure demonstrates that the deformation and failure of
he clay are controlled by the bedding. Also, the DZ shape appears
o be controlled by the orientation of the opening with respect to
he bedding. The geometry and extent of the fracture pattern have
hown thus a striking similarity with the DZ observed around the
entral hole of the hollow cylinder tests.
By comparing the geometry and extent of the DZ obtained by
aboratory simulation tests and in situ, it revealed that the defor-
ation around an opening and the DZ is developed in reverse
irections in BC and OPA. It has an eye-shape in BC with a major axis
n the bedding planes direction whereas it extends in the direction
ormal to bedding in OPA and is limited to the width of the hole. The
ifference in exhibited damage pattern most probably results from
ifferent failure modes: ductile behaviour in the BC (i.e. shear fail-
re prevails along conjugated planes) and brittle behaviour in the
PA (tensile failure along bedding planes and buckling) (Labiouse
nd Vietor, 2013).
The consistency among experiments carried out over various
cales provides good conﬁdence about up-scaling laboratory tests
o repository-scale tests.
.2.2. Temperature effects on damage and self-sealing
Various types of laboratory tests were performed in different
aboratories with the objective to determine the permeability vari-
tion under different THM loading paths.
In SCK•CEN, permeameter tests (samples with constant volume)
ere carried out on BC and OPA to evaluate the combined effect of
emperature and geochemistry of the pore water on the sealing
apacity of the clays. The CT imaging was performed on fractured
amples before and after the tests (both for BC and OPA) and one
f
t
a
uig. 14. Variation of the intrinsic permeability with temperature for Boom Clay and
or  Opalinus Clay. (a) Boom Clay. (b) Opalinus Clay.
onth after dismantling and desaturation at ambient air (BC only)
o follow the fracture apertures and density changes within the
amples (Chen et al., 2013).
For each cell, the bottom of the sample was connected to an
njection system with different solutions at a constant injection
ressure; the outﬂows were connected at the top under the atmo-
pheric pressure.
Different chemical conditions are considered: a chemically
ndisturbed environment, an oxidised environment and an alka-
ine environment. The following test solutions were chosen as
njection ﬂuids for the tests on the BC: synthetic BC water (SBCW),
xidized BC water (OBCW), and an alkaline solution composed of
 synthetic BC water solution saturated with calcium hydroxide
representing “evolved cement water”, ECW). The test carried out
ith SBCW served as reference to investigate the sealing of the
hemically undisturbed BC.
The following solutions were chosen as injection ﬂuids through
PA samples: low-saline Pearson water (LSPW), high-saline Pear-
on water (HSPW), and an alkaline solution composed of a
ow-saline Pearson water saturated with calcium hydroxide (APW).
he high- and low-salinity Pearson water compositions encom-
assed a typical range of chemical composition of the interstitial
uid presented in the OPA formation at Mont Terri.
The principal results are given in Fig. 14. The test results indi-
ated in general that the BC has a well and faster sealing capacity
ompared to OPA. A fractured BC sample was  put in the permeame-
er cell for 4–6 days without further hydration, and the fractures
ould not be visualized by the CT scans. The subsequent perme-
bility tests indicated that the ﬂows from the central ﬁlter where
racture was  made in the sample do not show much difference from
he ﬂows from the side ﬁlters. This suggested that the fractures have
lready been sealed before the test. During a subsequent heating
p to 80 ◦C, the intrinsic permeability of both intact samples and
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water chemistry. This is a clear demonstration that ﬁssures, that are
known to exist thanks to CT investigation carried out before and
after the tests, are not detected when running permeability tests.
It is hence a conﬁrmation of the excellent self-sealing behaviour
Table 1
Permeability values obtained along the thermo-hydro-mechanical-damage stress
path of test 2 on Boom Clay.
Stress path kr (m2) kz (m2) kz/kr
Before shearing (A) 6 × 10−20 3 × 10−19 5
After shearing (B) – – –Fig. 15. Sequence of stages of a typical test at UJF.
amples with artiﬁcial fractures remained constant. This suggests
hat the pore structure of the clay matrix was not affected by the
emperature increase. The temperature inﬂuences only the water
iscosity (reversible), as already shown in the BC by Delage et al.
2000). Similar tests carried out with cement water showed that
ore water chemistry had little inﬂuence on the permeability of
he BC. The temperature has at least non-negative effect on the
elf-sealing.
The permeameter tests on OPA specimens with artiﬁcial frac-
ures indicated that, unlike BC, the intrinsic permeability (Fig. 14b)
ecreased with the increasing temperature, suggesting that the
emperature effect has a strong beneﬁcial effect on the hydraulic
ehaviour of OPA.
The same phenomenon was also observed in the Mont Terri
n situ SE-H borehole heater test performed in the TIMODAZ
roject, in which the intrinsic permeability showed a continu-
us decrease by a factor of about 4 when the temperature at the
easurement point increased from 15.1 ◦C to 65.3 ◦C. It has to be
aken into consideration that the interpreted permeability reduc-
ion was calculated from hydraulic tests. It must be noted that the
ethods applied for the interpretation of these tests have been
eveloped for constant temperatures over time and over distance,
nd, amongst others, the inﬂuences of rock mechanical coupled
ffects are assumed to be negligible. Therefore, the results of the
ydraulic tests have always to be considered as approximation
Vietor et al., 2010).
At UJF, triaxial HTM tests were performed to study the effect of
 thermal loading (heating/cooling process) on the mechanically
amaged clay, i.e. to evaluate the impact of the thermal loading on
he process of localisation and/or fracturing.
A complete HTM test includes several stages as illustrated in
ig. 15. XRCT was applied before and after the test to visualize the
racture pattern (Bésuelle et al., 2013).
For the deviatoric loading, different paths have been followed
n the experiments either under “drained” or “undrained” con-
itions. The test adopting a unconventional mixed-mode control
aths (by applying a constant axial strain rate and decreasing in the
eantime the cell pressure) to mimic  a stress path similar to the
ne resulting from tunnel excavation where the deviatoric stress
ncreases while the total mean stress decreases.
Permeability is measured at four stages of a test (Fig. 15). The
ain result from these measurements was that essentially no sig-
iﬁcant changes of permeability were associated neither with the
echanical shearing nor with the thermal loading for both BC and
PA.
At ENPC, hollow cylinder triaxial THM tests were performed
n both BC and OPA under different stress paths and different
ydraulic boundary conditions (Fig. 16). All tested samples were
aturated under approximately in situ stress conditions to limit the
welling and better preserve the initial state of the sample. Perme-
bility was measured at different stages of the test by using the
ransient method based on the pore pressure dissipation curves
easured by pressure transducers installed at different positions,
llowing measurement of the anisotropic permeability.C
Fig. 16. Thermo-hydro-mechanical stress path for Boom Clay (test 2).
The permeability evolution during the test 2 on BC is given in
able 1, where kr and kz refer to the permeability measured in radial
nd vertical directions, respectively, and shows (Delage, 2010):
1) A decrease in permeability after shearing (drained) that can
be explained by the increase in total mean stress during the
shearing phase. There is no apparent effect of the shear plane on
pore pressure diffusion and permeability, conﬁrming the good
self-sealing properties of BC.
2) The faster dissipation of the pore pressure at 80 ◦C can be
explained by the decrease of water viscosity, with no signiﬁcant
effect on the intrinsic permeability.
3) Permeability goes back to initial value (point C) after cooling,
conﬁrming again the very good sealing properties of BC. The
thermal effect on the permeability is reversible.
However, it has to be noted that XRCT before and after testing
erformed at UJF indeed showed that pre-existing discontinuities
n so-called “intact” samples appeared to be quite signiﬁcant for
oth BC and OPA. This is of course a concern when attempting to
etermine constitutive parameters describing the shear behaviour,
ince the samples to test does not appear to be continuous because
f pre-existing damage due to the sensitivity of the clays to exca-
ation, drying, storage, transport and wetting. Nevertheless, the
ermeability tests carried out independently in various laborato-
ies by using different approaches on either artiﬁcial pre-existing
r shear discontinuities all provided permeability values that were
lose to the matrix permeability. This also holds for different poreBack to zero shearing (C) 2.8 × 10−20 1.5 × 10−19 5.4
At 80 ◦C (D) 5.5 × 10−20 2 × 10−19 3.6
Back to 25 ◦C (E) 2.8 × 10−20 1.5 × 10−19 5.4
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f the three clays/claystones presently considered as possible
eological barriers in Europe. This is perhaps one of the major
chievements of the TIMODAZ project (Delage, 2010; Li, 2010).
. Step-by-step modelling development program
In the course of the whole TIMODAZ project, the strong interac-
ion among the experimenters and modellers lead to a step-by-step
evelopment of the modelling both on the constitutive laws and
he numerical tool. Step-by-step numerical modelling of labo-
atory and in situ tests has allowed a better understanding of
he underlying processes and determination of some fundamental
HM parameters of studied clays. In this paper, only two examples
re given..1. Modelling of in situ heater test ATLAS III
An important thermally-induced effect in low permeabil-
ty media, such as clays and claystones, is the pore water
Fig. 17. Layout of small-scale in situ heater test ATLAS III.
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(ig. 18. Measurements of pore water pressure and temperature in the borehole
T93E.
ressurization that occurs upon heating (Delage, 2010; Mohajerani
t al., 2012). Such strong THM couplings were clearly demonstrated
rom both in situ and laboratory tests performed in the TIMODAZ
roject. Magnitude and evolution of both temperature and pore
ater pressure depend not only on the THM characteristics of
edia itself (thermal and hydraulic diffusivity, rigidity, etc.), but
lso on the temperature variation rate.
Two in situ small-scale heater tests were conducted in TIMO-
AZ, i.e. SE-H borehole heater test at the Mont Terri URL and ATLAS
II at the HADES URL at Mol  (Vietor et al., 2010). The layout of ATLAS
II test is shown in Fig. 17.
Typical temperature and pore pressure evolution are given in
ig. 18, which shows the measurements obtained by a sensor in the
orehole AT93E. One can observe that the pore pressure presents a
bump” once the heater power changes: after each power increas-
ng, it decreases temporarily before increasing. Once the power
s switched off, temperature slightly keeps on increasing prior to
ecreasing while a peak in pore pressure is observed prior to the
issipation phase.
The numerical modelling of ATLAS III has been carried out in
uccessive steps: from 1D, 2D to 3D by increasing the complexity
f THM characteristics step-by-step: from isotropy to anisotropy,
ffect of thermal plasticity, etc., to better understand their inﬂu-
nce on the excess pore water pressure and temperature evolution
Charlier, 2010).
Fig. 19 illustrates the modelling results by separately consid-
ring the anisotropy of each ﬁeld (THM and their coupling). A
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ig. 19. Thermo-hydro-mechanical anisotropy sensibility analysis on pore pressure
Pw) evolution in ATLAS III test.
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oom of these numerical results indicates that the pore pressure
bumps” can be reproduced only when considering the mechanical
nisotropy.
Once we understood the controlling mechanism behind this
apparent” abnormal pore pressure evolution upon heating and
ooling (mechanical anisotropic elasticity), by matching the
umerical modelling to in situ measurement (back-analysis), a set
f THM parameters of BC were obtained which allow producing the
n situ measurement as shown in Fig. 20.
Finally, it has been noticed that plasticity does not play an
mportant role in this experiment. The conclusion is that this in situ
est characterizes mostly the THM behaviour of the far ﬁeld host
ock. That is why  most of the modelling uses thermo-elastic con-
titutive models.
.2. Modelling of laboratory simulation test on BC performed by
PFL
The simulation test results on BC performed by EPFL indicated
learly the directional dependent responses as mentioned in Sec-
ion 5.2.1 and in Figs. 11 and 12. The modelling of this laboratory
est has been also in a progressive way enabling step-by-step
videncing the important factors which control the deformation
nd damage mechanism (Charlier, 2010; Franc¸ ois et al., 2013).
Firstly, an isotropic material behaviour in modelling was
onsidered, then an elastic transversal-isotropic behaviour and
train softening were added, afterwards, the anisotropic plasticity
y considering the directional variation of cohesion with respect
ig. 21. Schematic view of the cohesion evolution as a function of the angle between
he normal vector to bedding plane and the direction of major principal stress.
Fig. 22. Step by step modelling development of hollow cylinder test. (a) Isotropic
behaviour. (b) Transversal isotropic elasticity. (c) Transversal elasto-plasticity. (d)
Strain localization (total deviatoric strains) by considering the Drucker–Prager with
softening.
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o bedding was introduced which results in different plastic
ielding of material in different directions related to the bedding
Fig. 21). Finally, the strain localization has been obtained through
umerical regularisation technique by applying the HM second
radient model.
Fig. 22 shows the numerical results obtained step-by-step, and
he mechanism controlling the deformation and damage has been
ighlighted. The obtained numerical results evidence the direc-
ional dependency of the mechanical response of the clay. The
oftening behaviour induces transient strain localization processes,
videncing the eye-shaped DZ. The shape of the obtained DZ is
learly affected by the anisotropy of the materials. The irregular
hape of the central hole after unloading (see Figs. 11 and 12)
s mostly related to the strain localization (Fig. 22d). The mod-
lling results agree with the experiments not only qualitatively
in terms of the shape of the induced DZ) but also quantitatively
for the obtained displacement in three particular radial directions)
Charlier, 2010; Franc¸ ois et al., 2013).
. Integration of the main results in performance
ssessment
A proper evaluation of the perturbations of the host rock
nduced by the excavation and the emplacement of exothermic
astes is essential for the assessment of the long-term safety of
igh-level radioactive waste disposals in clay formations. In the
ourse of whole project, all experimental and modelling develop-
ents were always placed in the long-term PA contexts in concert
ith the PA experts. At the end of the project, the main results
btained within the TIMODAZ project have been integrated from a
A point of view to verify and justify the validation of the key PA
ssumptions and the values of PA model parameters.
The results obtained in the TIMODAZ project strengthen the
ssessment basis of the safety evaluation of the current repository
esigns. Through the TIMODAZ experimental observations, there
as neither evidence of a temperature-induced additional open-
ng of fractures nor of a signiﬁcant permeability increase of the
Z. Instead, thermally-induced plasticity, swelling and creep were
dentiﬁed that seem to be beneﬁcial to the sealing of fractures and
o the recovery of a very low permeability in the DZ, close to that
f an undisturbed clay host rock.
Moreover, the favourable properties of the clay host rock, which
uarantee the effectiveness of the safety functions of the repository
ystem, are expected to be maintained after the heating-cooling
ycle. Hence, the basic assumptions usually made in PA calculations
o far are expected to remain valid, and the performance of the
ystem should not be affected in a negative way  by the thermal
volution of the DZ around a radioactive waste repository in clay
ost rock (Yu et al., 2010, 2013).
. Conclusions
The TIMODAZ has investigated the THMC processes occurring
round a repository. It focused on the study of the combined effect
f the EDZ and the thermal impact on the repository host rock.
Within the TIMODAZ project, laboratory and in situ experiments
n different scales have been conducted to study the temperature
ffect on the DZ evolution. A great variety of experimental tech-
iques not so commonly used in geomechanics were developed and
pplied within the TIMODAZ to reach the objectives of the project.
Another important area of the TIMODAZ concerns the numerical
odelling development for the simulation of the THMC process
round a repository on time and repository scales.
M
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The TIMODAZ has made signiﬁcant contributions to the
nderstanding of the DZ process and provided insights on the tem-
erature effect on the DZ evolution. The similar results obtained
y laboratory and in situ experiments increase the conﬁdence
or up-scaling and transfer of the knowledge from laboratory
xperiments, and in situ tests to real repository scale.
The close collaboration between experimenters, modellers and
A team and the close link with the end-users has played an
mportant role in the success of the project, which allows the phen-
menology specialists to target the research within the context of
ssessments of repository performance and safety and the priority
f the end-users (Li, 2010).
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